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Abstract Rechargeablalkaline Zn/MnQO, batteries hold great promise for electrical energy storageand power grid applicationsdue to their high energy density, non-toxicity, and low cost Bi and Cu
additivesare knownto significantlyextendthe cyclelife andincreasethe capacityof MnQO, electrodesin rechargeableZn/MnG, batteries Howeverthe mechanisnof interactionof Biand Cuwith the MnQO,
cathodematerial is not completelyunderstood To investigatethe influence of chemicaladditiveson the rechargeabilityand cyclabilityof MnO, electrodes,we calculatedthe geometriesand formation
enthalpiesfor awide variety of crystalstructuresof MNnO, modifiedwith Bi, Cu,and Mg usingab initio computationalmethodsbasedon densityfunctionaltheory. Theresultsof our calculationssuggesthat
reversibletransitionsbetweenthe layeredand spinelphasescouldplayanimportant role in the cyclingmechanisnof chemicallynodified MnO, cathodes

Introduction

Affordable energy storage is essential for efficient
Integration of renewable energy sources into the
electrical power grid. Rechargeablalkaline Zn/MnG,
batteriesrepresentan attractive solution for large-scale
energy storage applications because of their high
energydensity,non-toxicity, andlow cost 13

Rechargeable Alkaline Zn/Myigatteries

Advantages Known Issues

A Highenergydensity(>400wh/L), A Relativelyshortcyclelife,

A Cheapandabundantmaterials, A Capacitydegradationdueto
A Environmentallyfriendly, accumulationof Mn;O, and
A Incombustible no risk of fire. ZnMn,0,.23

Recentstudieshaveshownthat Biand Cuadditivescan
significantly extend the cycle life and improve the
performanceof rechargeable&Zn/MnQ, batteries*>

Research Objectives

Thegoal of this studyis to developa theoretical model
describingthe dischargemechanismof MnO, cathodes
In rechargeableZn/MnG, batteriesand applythis model

to investigatethe influenceBIi, Cu,and Mg additiveson

the electrochemicapropertiesof MnQ..

Computational Methods

AAD initio computational methods based on density
functionaltheory (DFT)

A Quantum ESPRESS{opEn-Source Package for
Research in Hectronic Sructure, Smulation, and
Optimization)electronicstructure code®

AGGAPBEsoéxchangecorrelationfunctional?
AVanderbiltultra-soft pseudopotential$
ASpinpolarizedcalculations

AStructural optimization was performed usingab initio
MD simulationsandthe BFG&lgorithm

Results and Discussion

A. DischargeMechanismof Unmodifiedg-MnO,
Electrodes

FIG 1. Optimizedcrystalstructuresof b-MnQO,, RMnO,, MnO,,
1 -MnQO, _-MnQO,,| -MnOOH Mn(OH), andMn,0,.

Thereduction of gMnQ, leadsto the breakdownof its
crystal structure and to the formation of irreversible
dischargeproducts,suchasMn;O, and ZnMn,0O,.°

B. CyclingMechanismof d-MnO, Electrodes
Modified with Biand Cu

The influence of Bi and Cu additiveson the cycle life
and rechargeabilityof MnO, cathodescanbe explained
by the formation of intermediate BFMn and CuMn
oxidesthat reducethe rate of accumulationof Mn;0O,.10

FIG 2. Calculatecenthalpiesof protonated b-, R-, [ -,1 -MnG,
| -MnOOH Mn(OH), Mn;O,, ZnMnO, BHCu modified
MnGQO,, BiIMn,O; and CuMn,O,. Theenthalpiesare plotted with
respectto the b-MnQ, (pyrolusite)- Mn(OH) (pyrochroite) line.

Cyclingmechanismof Bi/Cu-modified d-MnO, cathodes

A Addition of Bi and Cu suppresseghe formation of
Mn;O,. Thiseffect canbe explainedby the formation
of intermediateBFMn and CuMn oxidecompounds

A Fulltwo-electronreversibleredoxreactionis possible
in UMnQO, cathodesmodifiedwith BiandCu

A Accumulationof ZnMn,O, in the UMnO, cathode
negativelyaffects the cyclelife of Bi/Cumodified U
MnQO,/Zn batteries

C Reversiblegphasetransitionsin MnO, cathodes
modified with Cuand Mg.

Duringelectrochemicakeduction, d-MnO, canundergo
a transition from a layeredbirnessitephaseto spinel A
spontaneoudayerto-spinelphasetransitionis believed
to be the origin of capacity fading in rechargeable
batteries utilizing d-MnQO, cathodes'! Recent studies
Indicated a possibility of the inverse phase transition
from spinelto a layeredbirnessitestructure. Theinverse
spinetlo-layer phasetransition appearsto be mediated
by the presenceof metalionsandinterstitial water.12

(a) BiMnoOgH (b) CusMnsOg (¢) MgosMnsOg (d) ZnaMn3zOg

FIG 3. Optimized crystal structures of layered Mn oxides
containingBi, Cu,Mg, andZnions

(b)

(a) BiMn,Og-3H50 CuMn4Og-2H50 (c) O

FIG 4. Optimizedcrystal structuresof hydrated Br, Cu, Mg-, and
Zrrintercalatedd-MnQO, birnessitecompounds

ZnMnoQOy
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FIG 5. Optimizedcrystalstructuresof BiMn,O; and Cu, Mg-, and
Zn-containingspinelphaseqCuMnO,, MgMn,O,, andZnMn,O,).
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FIG 6. Optimizedcrystalstructuresof BiMn,O,H, CuMnz0O,,, and
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FIG 7. Calculatedenthalpies of manganeseoxide compounds
containing Bi, Cu, Mg, and Zn ions. The enthalpiesare plotted
with respectto the | -MnQO, (spinel)- Mn(OH), (pyrochroite) line.

Proposedmechanismof reversiblephasetransitionsin
modified MnO, cathodes

A Mn oxidecompoundscontainingCuand Mg ionscan
undergo reversible layerto-spinetto-layer phase
transformations

The inverse phase transformation from spinelto a
layered structure is assisted by the presence of
interstitial water in Cu, and Mg-intercalatedd-MnQO,
birnessitecompounds

Reversiblelayerto-spinetto-layer phase transitions
could explainthe influenceof Biand Cuadditiveson
the electrochemicapropertiesof MnQ..

FIG 8. Schematicillustration of reversible transitions between
the layeredand spinelphasesf Cumodified manganesexides

FIG 9. Schematicillustration of reversible transitions between
the layeredand spinelphasesof Mg-modified manganesexides

Summary

We applied first-principles computational methods
based on density functional theory to investigatethe
electrochemicapropertiesof B, Cu, and Mg-modified
MnQO, cathodesin rechargeableZn/MnG, batteries The
results of our calculations suggest a possibility of
reversible transitions between the layered and spinel
phasesof Mn oxidescontainingCuand Mg ions, which
couldplayanimportant role in the cyclingmechanisnof
chemicallymodified MnQO, cathodes
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